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Abstract. The phenomena of confinement and dynamical chiral symmetry breaking are basic to
understanding hadron observables. They can be explored using Dyson-Schwinger equations. The
existence of a systematic, nonperturbative and symmetry preserving truncation of these equations
enables the proof of exact results in QCD, and their illustration using simple but accurate models.
We provide a sketch of the material qualitative and quantitative success that has been achieved in
the study of pseudoscalar and vector mesons. Efforts are now turning to the study of baryons, which
we exemplify via a calculation of nucleon weak and pionic form factors.
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1. INTRODUCTION
We begin with a key question: how does one make an almost massless bound state
from two massive constituents? Naturally, the bound state is the pion and the massive
components are constituent-quarks. It has long been known [1] that
m2pi ∝ mq , (1)
where mq is the light-quark current-mass that appears in QCD’s Lagrangian. While it is
possible to construct a quantum mechanical model with a potential finely tuned to give a
massless pseudoscalar bound state composed of heavy constituents, in such a framework
mpi ∝ Mq, where Mq is the constituents’ mass. This is plainly not the way to a veracious
understanding of strong interaction physics.
True comprehension of the visible universe requires that we learn just what it is about
QCD which enables the formation of an unexpectedly light pseudoscalar meson from
two rather massive constituents. The correct understanding of hadron observables must
explain why the pion is light but the ρ-meson and the nucleon are heavy. The keys
to this puzzle are QCD’s emergent phenomena: confinement and dynamical chiral
symmetry breaking (DCSB). Confinement is the feature that no matter how hard one
strikes a hadron, it never breaks apart into quarks and/or gluons that reach a detector.
DCSB is signalled by an apparently unnatural pattern of bound state masses in the
strong interaction spectrum, and can only be fathomed once one grasps the nature of
a well-defined and valid chiral limit. Thereafter can follow an understanding of the
connection between a current-quark and a constituent-quark, and subsequently Eq. (1).
QCD’s emergent phenomena are not apparent in the action. Yet they are the dominant
determining characteristics of hadron properties. Attaining an understanding of these
phenomena is one of the greatest intellectual challenges in physics.
A nonperturbative method for solving quantum field theory is necessary in order
to answer the question we have posed, and those which shall follow. The Dyson-
Schwinger equations (DSEs) are one such tool. At the simplest level the DSEs provide
a generating tool for perturbation theory and, because QCD is asymptotically free, this
means that any model-dependence in their application can be restricted to the infrared
(long-range) domain. The solutions of the DSEs are Schwinger functions (Euclidean
space Green functions) and because all cross-sections can be constructed from such n-
point functions the DSEs can be used to make predictions for real-world experiments.
In this mode they provide a means by which to use nonperturbative strong interaction
phenomena to map out, e.g., the behaviour at long-range of the interaction between
light-quarks. A nonperturbative solution of the DSEs enables the study of: hadrons as
composites of dressed-quarks and -gluons; the phenomena of confinement and DCSB;
and therefrom an articulation of any connection between them. One of the merits of
this is that any assumptions employed, or guesses made, can be tested, verified and
improved, or rejected in favour of more promising alternatives. The modern application
of these methods is described in Refs. [2, 3, 4, 5], while Ref. [6] provides a pedagogical
overview.
The DSEs are a countable infinity of equations, which are vitally important in proving
the renormalisability of quantum field theories. However, the coupling between equa-
tions is at the heart of a persistent challenge to their application. This relationship means
that in order to arrive at a tractable problem one must employ a truncation. Perturbation
theory is ever popular. However, it is not useful in connection with the nonperturbative
phenomena that provide the keystones of hadron physics. Fortunately, at least one sys-
tematic, nonperturbative and symmetry preserving truncation of the DSEs exists [7, 8].
This enables the proof of exact results using the DSEs. Moreover, that the truncation
scheme is also tractable provides a method by which the exact results may be illustrated
and, furthermore, a practical tool for the prediction of observables that are accessible
at contemporary experimental facilities. The consequent opportunities for rapid feed-
back between experiment and theory brings within reach an intuitive understanding of
nonperturbative strong interaction phenomena.
2. GAP EQUATION
The renormalised gap equation in QCD may be written
S(p)−1 = Z2 (iγ · p+mbm)+Σ(p) , (2)
Σ(p) = Z1
∫ Λ
q
g2Dµν(p−q)λ
a
2
γµ S(q)Γaν(q, p), (3)
where
∫ Λ
q represents a Poincaré invariant regularisation of the integral, with Λ the
regularisation mass-scale [9, 10], Dµν(k) is the dressed-gluon propagator, Γν(q, p) is the
dressed-quark-gluon vertex, and mbm is the Λ-dependent current-quark bare mass. The
quark-gluon-vertex and quark wave function renormalisation constants, Z1,2(ζ 2,Λ2),
depend on the renormalisation point, ζ , the regularisation mass-scale and the gauge
parameter. The gap equation’s solution has the form
S(p) = 1
iγ · pA(p2,ζ 2)+B(p2,ζ 2) =
Z(p2,ζ 2)
iγ · p+M(p2) . (4)
It is obtained from Eq. (2) augmented by the renormalisation condition
S(p)−1
∣∣
p2=ζ 2 = iγ · p+m(ζ ) , (5)
where m(ζ ) is the renormalised mass:
Z2(ζ 2,Λ2)mbm(Λ) = Z4(ζ 2,Λ2)m(ζ ) , (6)
with Z4 the Lagrangian mass renormalisation constant. In QCD the chiral limit is strictly
and unambiguously defined by
Z2(ζ 2,Λ2)mbm(Λ)≡ 0 ,∀Λ≫ ζ , (7)
which states that the renormalisation-point-invariant current-quark mass mˆ = 0.
In the absence of interactions Z(p2)= 1 and M(p2)=mq in Eq. (4). On the other hand,
the behaviour of these functions in QCD is a longstanding prediction of DSE studies
[11], which could have been anticipated from Refs. [12, 13]: the functions receive strong
momentum-dependent corrections at infrared momenta so that Z(p2) is suppressed
and M(p2) enhanced. These DSE predictions are confirmed in numerical simulations
of lattice-QCD [14], and the conditions have been explored under which pointwise
agreement between DSE results and lattice simulations may be obtained [15, 16].
The gap equation’s kernel, Eq. (3), is constructed from the contraction of the dressed-
gluon two-point function and the dressed-quark-gluon vertex. In Landau gauge
Dµν(p) =
(
δµν −
pµ pν
p2
)
F(p2,ζ 2)
p2
. (8)
The modern DSE perspective on F(p2,ζ 2) is reviewed in Ref. [4]: these studies pre-
dicted that F(p2) is suppressed at small p2; i.e., in the infrared, with the deviation from
expectations based on perturbation theory becoming apparent at p2 ≃ 1GeV2. A mass-
scale of this magnitude has long been anticipated as characteristic of nonperturbative
gauge-sector dynamics and its origin is fundamentally the same as that of ΛQCD, which
appears in perturbation theory. These DSE predictions, too, have been verified in con-
temporary simulations of lattice-regularised QCD [17].
The remaining piece of the gap equation’s kernel is the dressed-quark-gluon vertex,
whose form is the subject of contemporary research. In correlating lattice-QCD results
on the dressed-quark and -gluon propagators via the gap equation it was found [15] that
the vertex must exhibit an infrared enhancement. This was anticipated in Ref. [18] and
confirmed in Ref. [16]. The exact nature of this enhancement and its origin in QCD is
currently being explored; e.g., Refs. [19, 20, 21].
3. MESONS
Dyson-Schwinger equation studies have established a reliable picture of key propagators
and vertices in QCD. It is now natural to ask: what about bound states? Without them, of
course, a direct comparison with experiment is impossible. Bound states appear as pole
contributions to colour-singlet Schwinger functions and this observation may be viewed
as the origin of the Bethe-Salpeter equation (BSE).
The DSE for the dressed-quark-gluon vertex can be viewed as a BSE. So can that
for the dressed-quark-photon vertex. The latter is a colour singlet vertex and its lowest
mass pole-contribution is the ρ-meson [22]. This fact underlies the success of ρ-meson
dominance phenomenology.
The axial-vector vertex is of primary interest to hadron physics. It may be obtained as
the solution of the inhomogeneous Bethe-Salpeter equation
[
Γ5µ(k;P)
]
tu = Z2
[
γ5γµ
]
tu +
∫ Λ
q
[χ5µ(q;P)]srKrstu(q,k;P) , (9)
where χ5µ(q;P) = S(q+)Γ5µ(q;P)S(q−), q± = q± P/2, and the colour-, Dirac- and
flavour-matrix structure of the elements in the equation is denoted by the indices r,s, t,u.
In Eq. (9), K(q,k;P) is the fully-amputated quark-antiquark scattering kernel. It is one-
particle-irreducible and hence does not contain quark-antiquark to single gauge-boson
annihilation diagrams, such as would describe the leptonic decay of the pion, nor di-
agrams that become disconnected by cutting one quark and one antiquark line. If one
knows the form of K then one completely understands the nature of the interaction be-
tween quarks in QCD.
Model-independent results
In quantum field theory, chiral symmetry and the pattern by which it is broken are
expressed via the chiral Ward-Takahashi identity (k± = k±P/2):
PµΓH5µ(k;P) = ˇS(k+)−1iγ5
T H
2
+ iγ5
T H
2
ˇS(k−)−1− i{Mζ ,ΓH5 (k;P)}, (10)
where the pseudoscalar vertex satisfies
[
ΓH5 (k;P)
]
tu = Z4
[
γ5
T H
2
]
tu
+
∫ Λ
q
[
χH5 (q;P)
]
sr
Krstu(q,k;P) , (11)
with ˇS = diag[Su,Sd,Ss, . . .] and Mζ = diag[mu(ζ ),md(ζ ),ms(ζ ), . . .]. We have written
Eqs. (10), (11) for the case of a flavour-nonsinglet vertex in a theory with N f quark
flavours. The matrices T H are constructed from the generators of SU(N f ) with, e.g.,
T pi+ = 12(λ 1+ iλ 2) providing for the flavour content of a positively charged pion.
The axial-vector Ward-Takahashi identity relates the solution of a BSE to that of the
gap equation. If the identity is always to be satisfied and in a model-independent manner,
as necessary in order to preserve an essential symmetry of the strong interaction and
its breaking pattern, then the kernels of the gap and Bethe-Salpeter equations must be
intimately related. Any truncation or approximation of these equations must preserve
that relation. This is an extremely tight constraint. Perturbation theory is one truncation
that, order by order, guarantees Eq. (10). However, perturbation theory is inadequate in
the face of QCD’s emergent phenomena. Something else is needed.
That need is satisfied by the systematic, nonperturbative and symmetry preserving
truncation of the DSEs explained in Refs. [7, 8, 20, 23]. It enables a proof of Goldstone’s
theorem in QCD [9]. Namely, in the chiral limit, Eq. (7), and with chiral symmetry
dynamically broken: the axial-vector vertex, Eq. (9), is dominated by the pion pole for
P2 ∼ 0 and the homogeneous, isovector, pseudoscalar BSE has a massless (P2 = 0)
solution. The converse is also true, so that DCSB is a sufficient and necessary condition
for the appearance of a massless pseudoscalar bound state of dynamically-massive
constituents, which dominates the axial-vector vertex for infrared total momenta.
Furthermore, from the axial-vector Ward-Takahashi identity and the existence of a
systematic, nonperturbative symmetry-preserving truncation, one can prove the follow-
ing identity involving the mass-squared of a pseudoscalar meson [9]:
fH m2H = ρH(ζ )MζH, (12)
where MζH = mq1(ζ )+mq2(ζ ) is the sum of the current-quark masses of the meson’s
constituents;
fH Pµ = Z2tr
∫ Λ
q
1
2
(T H)T γ5γµ ˇS(q+)ΓH(q;P) ˇS(q−) , (13)
where (·)T indicates matrix transpose, the trace is over all matrix indices; and
ρH(ζ ) = Z4 tr
∫ Λ
q
1
2
(T H)T γ5 ˇS(q+)ΓH(q;P) ˇS(q−) =:
−〈q¯q〉Hζ
fH . (14)
The renormalisation constants in Eqs. (13), (14) play a pivotal role because the expres-
sions would be meaningless without them. They serve to guarantee that the quantities
described are gauge invariant, and finite as the regularisation scale is removed to in-
finity. Moreover, Z2 in Eq. (13) and Z4 in Eq. (14) ensure that both fH and the product
ρH(ζ )MζH are renormalisation point independent, which is an absolute necessity for any
observable quantity.
Taking note that in a Poincaré invariant theory a pseudoscalar meson Bethe-Salpeter
amplitude assumes the form
Γ jH(k;P) = T
Hγ5
[
iEH(k;P)+ γ ·PFH(k;P)+ γ · k k ·PGH(k;P)+σµν kµ Pν HH(k;P)
]
,
(15)
then, in the chiral limit, one can also prove
f 0HEH(k;0) = B(k2) , FR(k;0)+2 f 0HFH(k;0) = A(k2) ,
HR(k;0)+2 f 0HHH(k;0) = 0 , GR(k;0)+2 f 0HGH(k;0) = 2A′(k2) ,
(16)
where f 0H is the chiral limit value from Eq. (13), which is nonzero when chiral symmetry
is dynamically broken. The functions FR, GR, HR are associated with terms in the axial-
vector vertex that are regular in the neighbourhood of P2 +m2H = 0 and do not vanish
at Pµ = 0. These four identities are quark-level Goldberger-Treiman relations for the
pion. They are: exact in QCD; and a pointwise expression of Goldstone’s theorem.
These identities relate the pseudoscalar meson Bethe-Salpeter amplitude directly to the
dressed-quark propagator, Eq. (4). The first explains why DCSB and the appearance
of a Goldstone mode are so intimately connected, and the remaining three entail that
in general a pseudoscalar meson Bethe-Salpeter amplitude has what might be called
pseudovector components; namely: FH , GH , HH . It is the latter which, in a covariant
treatment, guarantee that the electromagnetic pion form factor behaves as 1/Q2 at large
spacelike momentum transfer [24].
Equation (12) and its corollaries are fundamental in QCD. To exemplify we’ll focus
first on the chiral limit behaviour of Eq. (14) whereat, using Eqs. (15) & (16), one finds
f 0H ρ0H(ζ ) = Z4(ζ ,Λ)Nc trD
∫ Λ
q
Smˆ=0(q) =−〈q¯q〉0ζ . (17)
Equation (17) is unique as the expression for the chiral limit vacuum quark condensate.
It thus follows from Eqs. (12) & (17) that in the neighbourhood of the chiral limit
( f 0H)2 m2H =−MζH 〈q¯q〉0ζ +O( ˆM2) . (18)
Hence Eq (1), which is commonly known as the Gell-Mann–Oakes–Renner relation, is
a corollary of Eq. (12).
Let’s now consider another extreme; viz., when one of the constituents is a heavy
quark, a domain on which Eq. (12) is equally valid. In this instance Eq. (13) yields the
model-independent result [25]
fH ∝ 1√MH ; (19)
i.e., it reproduces a well-known consequence of heavy-quark symmetry [26]. A similar
analysis of Eq. (14) gives a new result [27, 28]
−〈q¯q〉Hζ = constant+O
(
1
mH
)
for 1
mH
∼ 0 . (20)
Combining Eqs. (19), (20), one finds [27, 28]
mH ∝ mˆ f for
1
mˆ f
∼ 0 , (21)
where mˆ f is the renormalisation-group-invariant current-quark mass of the pseudoscalar
meson’s heaviest constituent. This is the result one would have anticipated from
constituent-quark models but here we have indicated a direct proof in QCD.
Pseudoscalar mesons hold a special place in QCD and there are three states, com-
posed of u,d quarks, in the hadron spectrum with masses below 2GeV [29]: pi(140);
pi(1300); and pi(1800). Of these, the pion [pi(140)] is naturally well known and much
studied. In the context of a model constituent-quark Hamiltonian, these mesons are of-
ten viewed as the first three members of a Q ¯Q n 1S0 trajectory, where n is the principal
quantum number; i.e., the pi(140) is viewed as the S-wave ground state and the others
are its first two radial excitations. By this reasoning the properties of the pi(1300) and
pi(1800) are likely to be sensitive to details of the long-range part of the quark-quark
interaction because the constituent-quark wave functions will possess material support
at large interquark separation. Hence the development of an understanding of their prop-
erties may provide information about light-quark confinement, which complements that
obtained via angular momentum excitations [30].
That Eq. (12) is a powerful result is further emphasised by the fact that it is applicable
here, too [31, 32]. The result holds at each pole common to the pseudoscalar and axial-
vector vertices and therefore it also impacts upon the properties of non-ground-state
pseudoscalar mesons. Let’s work with a label n ≥ 0 for the pseudoscalar mesons: pin,
with n = 0 denoting the ground state, n = 1 the state with the next lowest mass, and so
on. By assumption, mpin6=0 > mpi0 , and hence mpin6=0 > 0 in the chiral limit. In addition
0 < ρ0pin(ζ ) := limmˆ→0ρpin(ζ )< ∞ , ∀n . (22)
Hence, it is a necessary consequence of chiral symmetry and its dynamical breaking in
QCD; viz., Eq. (12), that
f 0pin ≡ 0 ,∀n≥ 1 . (23)
This result means that in the presence of DCSB all pseudoscalar mesons except the
ground state decouple from the weak interaction. NB. Away from the chiral limit the
quantities fpin alternate in sign; i.e., they are positive for even n but negative for odd n.
This is an essential prediction of spectral positivity in quantum field theory and follows
because fpin are the residues of colour-singlet poles in a vertex that, considered as a
function of P2, is continuous and does not vanish between adjacent bound states.
These arguments are legitimate in any theory with a valid chiral limit. It is logically
possible that such a theory does not exhibit DCSB; i.e., realises chiral symmetry in
the Wigner-Weyl mode. Equation (12) is still valid in the Wigner phase. However, its
implications are different; namely, in the Wigner phase, one has
BW (0,ζ 2) ∝ m(ζ ) ∝ mˆ ; (24)
i.e., the mass function and constituent-quark mass vanish in the chiral limit. Equations
(16) apply if there is a massless bound state in the chiral limit. Suppose such a bound
state persists in the absence of DCSB.1 It then follows from Eqs. (16) & (24) that
fWpi0 ∝ mˆ . (25)
In this case the leptonic decay constant of the ground state pseudoscalar also vanishes in
the chiral limit, and hence all pseudoscalar mesons are blind to the weak interaction.
As further examples, exact results have also been established for: pipi scattering [33,
34]; the γpi0n=0γ [35] and γpi0n≥1γ [32] transition form factors; and the γpipipi transition
form factor [36].
1 If that is false then considering this particular case is unnecessary. However, it is true at the transition
temperature in QCD [2].
Predictive tool
It is now recognised that the leading-order term in the systematic, nonperturbative
symmetry-preserving truncation of the DSEs is provided by the renormalisation-group-
improved rainbow-ladder truncation, which has been used widely; e.g., Refs. [10, 37,
38] and references thereto. A practical renormalisation-group-improved rainbow-ladder
truncation preserves the one-loop ultraviolet behaviour of perturbative QCD. However,
a model assumption is required for the behaviour of the kernel in the infrared; viz.,
on the domain Q2 ∼< 1GeV2, which corresponds to length-scales ∼> 0.2fm. This is the
confinement domain whereupon little is truly known about the interaction between light-
quarks. That information is, after all, what we seek. The application of a single model to
an extensive range of JLab-related phenomena is reviewed in Ref. [5] and summarised
in Sec. 5.2.2 of Ref. [6]. Herein we simply note that the one-parameter renormalisation-
group-improved rainbow-ladder model introduced in Ref. [39] provides an excellent tool
with which to illustrate exact results, such as those described above, and moreover has
proved to be a valuable predictive device [40, 41].
4. BARYON PROPERTIES
While the significant progress made with the study of mesons is good, it does not directly
impact on the important challenge of baryons. Mesons fall within the class of two-body
problems. They are the simplest bound states for theory. However, the absence of meson
targets poses significant difficulties for the experimental verification of predictions such
as those reported above. On the other hand, it is relatively straightforward to construct
a proton target but, as a three-body problem in relativistic quantum field theory, here
the difficulty is for theory. With this problem the current expertise is approximately at
the level it was for mesons ten years ago; namely, model building and phenomenology,
making as much use as possible of the results and constraints outlined above.
Modern, high-luminosity experimental facilities that employ large momentum trans-
fer reactions are providing remarkable and intriguing new information on nucleon struc-
ture [42, 43]. For an example one need only look so far as the discrepancy between the
ratio of electromagnetic proton form factors extracted via Rosenbluth separation and
that inferred from polarisation transfer [44, 45, 46, 47, 48]. This discrepancy is marked
for Q2 ∼> 2GeV2 and grows with increasing Q2. At such values of momentum transfer,
Q2 > M2, where M is the nucleon’s mass, a veracious understanding of these and other
contemporary data require a Poincaré covariant description of the nucleon.
A natural primary aim is to develop a good theoretical picture of the proton’s elec-
tromagnetic form factors. To this end Ref. [49] proposed that the nucleon is at heart
composed of a dressed-quark and nonpointlike diquark. One element of that study is
the dressed-quark propagator. The form used expresses the features described above and
carries no free parameters, because its behaviour was fixed in analyses of meson observ-
ables [50]. The nucleon bound state was subsequently realised via a Poincaré covariant
Faddeev equation, which incorporates scalar and axial-vector diquark correlations. In
this there are two parameters: the mass-scales associated with the correlations. They
were fixed by fitting to specified nucleon and ∆ masses: the values are listed in Table 1.
TABLE 1. Mass-scale parameters (in GeV) for the scalar and axial-vector diquarks, fixed by fitting
nucleon and ∆ masses: the fitted mass was offset to allow for “pion cloud” contributions [51], which
reduce both the nucleon and ∆ masses to their experimental values. ωJP = mJP/
√
2 is the width-parameter
in the nonpointlike (qq)JP -diquark’s Bethe-Salpeter amplitude: its inverse is a gauge of the diquark’s
matter radius. Charge radii are estimated in Ref. [52]. (Adapted from Ref. [49].)
MN M∆ m0+ m1+ ω0+ ω1+
1.18 1.33 0.79 0.89 0.56=1/(0.35 fm) 0.63=1/(0.31 fm)
The study thus arrived at a representation of the nucleon that possesses no free parame-
ters with which to influence the nucleons’ form factors.
At this point only a specification of the nucleons’ electromagnetic interaction re-
mained. Its formulation was primarily guided by a requirement that the nucleon-photon
vertex satisfy a Ward-Takahashi identity. The interaction depends on three parameters
tied to properties of the axial-vector diquark correlation: µ1+ and χ1+ , respectively, the
axial-vector diquarks’ magnetic dipole and electric quadrupole moments; and κT , the
strength of electromagnetic axial-vector ↔ scalar diquark transitions. Calculated re-
sults for the nucleons’ form factors, however, were not materially sensitive to these pa-
rameters [49], which enabled a prediction to be made [53]: µp GpE(Q2)/GpM(Q2) = 0
at Q2 ≃ 6.5GeV2; namely, at the point for which GpE(Q2) = 0. The behaviour of
µp GpE(Q2)/GpM(Q2) owes itself primarily to spin-isospin correlations in the nucleon’s
Faddeev amplitude. An experiment is planned at JLab that will acquire data on this ratio
to Q2 = 9.0GeV2 [54]. It is expected to begin running around the beginning of 2008.
This framework can naturally be applied to calculate weak and strong form factors
of the nucleon. Preliminary studies of this type are reported in Refs. [55, 56]. Such
form factors are sensitive to different aspects of quark-nuclear physics and should prove
useful, e.g., in constraining coupled-channel models for medium-energy production
reactions on the nucleon.
We will briefly describe first results for three such form factors: the axial-vector and
pseudoscalar nucleon form factors, which appear in the axial-vector–nucleon current
J j5µ(P
′,P) = iu¯(P′)
τ j
2
Λ5µ(q;P)u(P) = u¯(P′)γ5
τ j
2
[
γµ gA(q2)+qµ gP(q2)
]
u(P) , (26)
where q= P′−P, j = 1,2,3 is the isospin index, and the nucleon spinor, u(P), is defined
in Ref. [49]; and the pion-nucleon coupling
J jpi(P′,P) = u¯(P′)Λ
j
pi(q;P)u(P) = gpiNN(q2)u¯(P′)iγ5τ ju(P) . (27)
In the chiral limit the pseudovector vertex of Eq. (26) takes the following form in the
neighbourhood of q2 = 0 [9]
Λ j5µ(q;P)
q2∼0
= regular +
qµ
q2
fpi Λ jpi(q;P) , (28)
FIGURE 1. Filled circles: gA(Q2) in Eq. (26) calculated in the chiral limit using the nucleon Faddeev
amplitudes and the axial-vector-nucleon vertex obtained from Eqs. (30), (34) & (36). Solid line: dipole
fit to the calculation, with mass-scale mAD = 1.69GeV. The shaded band delimits the result’s variation
subject to 10% changes in the parameter values in Eq. (37). The experimental value of the nucleon’s axial
coupling (gA ≈ 1.27) is marked by a dashed line.
where Λ jpi(q;P) is the pion-nucleon vertex and “regular” denotes non-pole terms. In
addition, qµJ j5µ(P′,P) = 0. From these observations ensues the Goldberger-Treiman
relation:
M gA(q2 = 0) = fpi gpiNN(q2 = 0) , (29)
where M is the calculated nucleon mass and gA(q2) is solely associated with the regular
part of the axial-vector vertex.
The calculation of electromagnetic form factors sets a pattern for determining gA(q2),
gP(q2) and gpiNN(q2), and that is what we follow. We need to know how a dressed-quark
couples to an axial-vector probe. In the chiral limit the dressed-quark–axial-vector vertex
satisfies Eq. (10) with the mass-dependent term omitted. Hereafter we’ll assume isospin
symmetry so that Su = Sd , in which case the chiral-limit axial-vector Ward-Takahashi
identity is solved by
Γ j5µ(k;Q) = γ5
τ j
2
[
γµΣA(k2+,k2−)+2kµγ · k∆A(k2+,k2−)+2 i
Qµ
Q2 ΣB(k
2
+,k2−)
]
, (30)
with
ΣF(ℓ21, ℓ22) =
1
2
[F(ℓ21)+F(ℓ
2
2)] , ∆F(ℓ21, ℓ22) =
F(ℓ21)−F(ℓ22)
ℓ21− ℓ22
, (31)
where F = A,B; viz., the scalar functions in Eq. (4). Naturally, Eq. (30) is not a unique
Ansatz for the dressed-quark–axial-vector vertex but it is an adequate starting point.
FIGURE 2. Calculated chiral-limit result for gA(Q2)/gA(0), solid line, compared with data obtained
via pion electroproduction in the threshold region, as described in Ref. [57]. Dashed line: dipole fit to data
with mass-scale mAED = 1.1GeV.
For the pion-nucleon coupling, one needs the pion’s Bethe-Salpeter amplitude and its
extension off pion mass-shell. In chiral QCD we have Eqs. (16), upon which we base the
Ansatz
Γ jpi(k;Q) = iγ5τ j 1
Npi
ΣB(k2+,k2−) , (32)
where Npi is the canonical normalisation constant calculated with this amplitude. (See,
for example, Eqs. (37) & (38) of Ref. [49].)
We also need to know the following vertices: pion–axial-vector-diquark; axial-
vector-probe–axial-vector-diquark; and the pion- and axial-vector-probe-induced
scalar-diquark ↔ axial-vector-diquark transitions. For these we follow Ref. [56]:
Γpi1αβ (p′, p) =
κpi1
2MN
MEQ
fpi εαβ µν(p
′+ p)µ Qν , (33)
ΓA1µαβ (p′, p) =
1
2
κA1 εµαβν(p′+ p)ν +2 fpi
Qµ
Q2 Γ
pi1
αβ (p′, p) , (34)
Γpi01β (p′, p) = −iκpi01
MEQ
fpi Qβ , (35)
ΓA01µβ (p′, p) = iMNκA01δµβ +2 fpi
Qµ
Q2 Γ
pi01β (p′, p) , (36)
FIGURE 3. Filled circles: Chiral limit result for Q2gP(Q2) in Eq. (26) calculated as described in the
caption of Fig. 1. Solid line: dipole fit to the calculation, with mass-scale mPD = 1.77GeV. The shaded band
delimits the result’s variation subject to 10% changes in the parameter values in Eq. (37).
where MEQ is the Euclidean light-quark constituent-mass [10], p & p′ are the incoming
and outgoing diquark momenta and Q= (p′− p). Each Ansatz introduces one parameter,
for which typical values are [56]:
κpi1 ≃ κA1 ≃ 4.5 , κpi01 ≃ 3.9 , κA01 ≃ 2.1 . (37)
We used these to obtain the results reported below, with the bands representing a
variation of ±10%. NB. A scalar diquark does not couple to a single pseudoscalar or
axial-vector probe.
With the elements heretofore described we have an analogue of the top four diagrams
in Fig. 1 of Ref. [49]. This is necessary but not sufficient to guarantee that the axial-
vector–nucleon vertex automatically fulfills the chiral Ward-Takahashi identity for on-
shell nucleons. Work on improvement is underway.
In Fig. 1 we display our result for the nucleon’s axial-vector form factor. A comparison
with extant data is provided in Fig. 2. We attribute the mismatch to a failure of the
axial-vector-nucleon vertex obtained from Eqs. (30), (34) & (36) to properly express
the diquarks’ nonpointlike nature: the result is thus too hard.
In Fig. 3 we depict our result for the nucleon’s induced-pseudoscalar form factor. A
comparison with data is provided in Fig. 4. The form factor is dominated by the pion
pole in the neighbourhood of q2 =−m2pi , which for our chiral-limit calculation is q2 ∼ 0.
In this case the comparison with data is more favourable, particularly once one allows
for a shift of the pion pole to q2 = 0 in our chiral-limit calculation. We attribute this to
Eqs. (32), (33) & (35); viz., as it is based on Eqs. (16), our calculation incorporates a
FIGURE 4. Chiral-limit result for gP(Q2), dash-dot curve. Data obtained via pion electroproduction
(filled circles) [58] and world average for muon capture at Q2 = 0.88m2µ (filled diamond). Dashed curve
– current-algebra result; and solid curve – next-to-leading order chiral perturbation theory result [57].
fairly accurate representation of pion structure and the pion nucleon coupling.
This view is supported by our result for gpiNN(q2), which is depicted in Fig. 5. Within
reasonable variation of the parameters that characterise the pion-nucleon vertex, the
calculated value of g0piNN(0) is consistent with standard phenomenology. Our result
yields a chiral-limit value r0piNN ≃ 0.51± 0.02fm. For comparison, a massive-quark
value of rpiNN ∼ 0.3fm appears in Ref. [59], while rpiNN ∼ 0.93–1.06fm is employed
in Ref. [60].
In order to improve upon these preliminary results, construction must be completed
of an axial-vector–nucleon vertex that automatically fulfills the chiral Ward-Takahashi
identity for on-shell nucleons described by the solution of the Faddeev equation. This
will subsequently lead to an improved pion-nucleon vertex. In addition, as is known
to be necessary for an accurate description of nucleon electromagnetic properties, the
effect of pseudoscalar meson loops on the axial and pseudoscalar couplings must be
incorporated. These steps are prerequisites for the reliable extension of our Poincaré
covariant model to weak and pionic processes.
5. EPILOGUE
The perturbative formulation of QCD fails spectacularly to account for even the simplest
bulk properties of hadrons. Two fundamental, emergent phenomena are responsible:
confinement and dynamical chiral symmetry breaking. Their importance is difficult to
FIGURE 5. Filled circles: Chiral limit result for gpiNN(Q2) in Eq. (27) calculated using the nucleon’s
Faddeev amplitude and the piNN vertex constructed from Eqs. (32), (33) & (35). Solid line: monopole
fit to the calculation, with mass-scale mpiM = 0.95GeV. The shaded band delimits the result’s variation
subject to 10% changes in the parameter values in Eq. (37). The experimental value of the piNN coupling
(gpiNN ≈ 13.4) is marked by a dashed line.
overestimate.
Dynamical chiral symmetry breaking (DCSB) is a singularly effective mass generat-
ing mechanism. It takes the almost massless light-quarks of perturbative QCD and con-
verts them into the massive constituent-quarks whose mass sets the scale which charac-
terises the spectrum of the strong interaction. The phenomenon is understood via QCD’s
gap equation, whose solution delivers a mass function with a momentum-dependence
that connects the perturbative and nonperturbative-constituent-quark domains.
Despite the fact that light-quarks are made heavy, the mass of the pseudoscalar
mesons remains peculiarly small. That, too, owes to DCSB, expressed this time in a
remarkable relationship between QCD’s gap equation and those colour singlet Bethe-
Salpeter equations which have a pseudoscalar projection. Goldstone’s theorem is a
natural consequence of this connection.
The Dyson-Schwinger equations (DSEs) provide a natural framework for the explo-
ration of QCD’s emergent phenomena. They are a generating tool for perturbation the-
ory and thus give a clean connection with processes that are well understood. Moreover,
they admit a systematic, symmetry preserving and nonperturbative truncation scheme,
and thereby give access to strong QCD in the continuum. On top of this, a quantitative
feedback between DSE and lattice-QCD studies is today proving fruitful.
The existence of a sensible truncation scheme enables the proof of exact results using
the DSEs. That the truncation scheme is also tractable provides a means by which
the results may be illustrated, and furthermore a practical tool for the prediction of
observables that are accessible at contemporary experimental facilities. The consequent
opportunities for rapid feedback between experiment and theory brings within reach an
intuitive understanding of nonperturbative strong interaction phenomena.
An important challenge is the study of baryons. Modern, high-luminosity experimen-
tal facilities employ large momentum transfer reactions to probe baryon structure, and
they are providing remarkable and intriguing new information. A true understanding of
much contemporary data requires a Poincaré covariant description of the nucleon. This
can be obtained with a Faddeev equation that describes a baryon as composed primarily
of a quark core, constituted of confined quark and confined diquark correlations, but aug-
mented by pseudoscalar meson cloud contributions that are sensed by long wavelength
probes. Short wavelength probes pierce the cloud, and expose spin-isospin correlations
and quark orbital angular momentum within the baryon. The veracity of the elements in
this description makes plain that a picture of baryons as a bag of three constituent-quarks
is profoundly misleading.
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